Lowering the amount of excess air is believed to increase the density of the air-fuel mixture and help improve the combustion rate for compression ignition engines. This paper proposes an approach of adding a throttle body at the intake pipe to control the excess air ratio with reduction of air supply to achieve a better balance between the power, emissions and fuel efficiency at medium and low load of a natural gas dual-fuel diesel engine converted from a conventional diesel engine. Various experiments in both pure diesel and dual-fuel mode under intermediate engine speed are performed with the proposed critical method of excess air ratio control. The experimental results reveal that better excess air ratio is very beneficial for the power output and brake specific energy consumption in dual-fuel combustion under medium and low load conditions. Moreover, the substitution rate can reach as high as 40% under low load conditions with throttle control.
Introduction
Natural gas (NG) is considered as one of the three main sources of energy along with coal and oil and plays an essential role in the world's energy supply. Thanks to the merit of high intrinsic H/C ratio, high auto-ignition temperature and superior resource availability at attractive prices, NG is widely recognized as one of the most promising clean alternative fuels for conventional diesel engines. Therefore, the usage of NG dual-fuel diesel engines retrofitted from diesel engines has been focused on to improve fuel economy and reduce exhaust gas emissions [1] [2] [3] . In general, the diesel fuel supply system remains unchanged and provides the pilot diesel to ignite the NG-air mixture in the combustion chamber. The engine power output is directly controlled by the amount of fuel admitted to the cylinder without a throttle valve along the intake pipe. Usually, for reasons of both emissions and fuel economy, the main purpose of development of NG dual-fuel diesel engines is to maximize the use of cheaper NG instead of diesel fuel over the whole range of engine loads [4] .
Numerous studies have revealed that the dual-fuel combustion application has significantly positive low soot and NOx emissions, comparable power output and fuel cost in comparison with diesel engines. However, the negative features of lower combustion efficiency, carbon monoxide (CO) and unburned hydrocarbon (HC) emissions, especially under medium and low load also have been pointed out. In operations at low load, a small amount of fuel is required, and the amount of air supplied is only determined by the engine speed under unthrottled operation conditions. Therefore, too lean an air-fuel mixture owing to air oversupply results in difficult mixture ignition and flame propagation, which leads to unstable combustion, deterioration of fuel efficiency and high emissions of unburned hydrocarbons and carbon monoxide. In order to solve the mentioned issues, the effects of varying the intake temperature and pilot diesel injection mass on the onset of ignition and combustion for a single-cylinder engine were investigated to show that engine performance, stability, and emissions were more strongly affected by the intake charge temperature compared to pilot injection mass at low loads [5] . The effects of pilot injection timing, pilot injection pressure and NG injection timing on the combustion performance and emissions for a four-cylinder turbocharged diesel engine with common rail injection at low load operations have been analyzed, and the results indicated that retarded natural gas injection timing can represent an effective method to improve the combustion performance and exhaust emissions at low load [6] . A split injection strategy for the diesel pilot to increase the in-cylinder peak pressure and thermal efficiency at low loads by an experimental and numerical study were described [7] . At the same time, a split injection strategy provided an effective approach to accomplish the trade-off between NOx-CH 4 and NOx-CO emissions [7] . The influences of methane substitution ratio, the usage of exhaust gas recirculation (EGR) and pilot injection strategy on engine performance and emissions at low loads were studied in [8] , and the study reported that the increase of methane substitution ratio obviously contributed to the high level of HC and CO emissions, the lower combustion rate and the lower combustion efficiency at low loads. The study of optimal operation strategies for the equivalence ratio of NG-air mixture and EGR rate at low loads was focused on, and the results revealed that it was impossible to run the engine with low emissions of CO 2 and HC simultaneously under low load conditions [9] . In addition, studies on the effects of pilot injection timing [10, 11] , and compression ratio [12, 13] at low loads have been also described.
Based on the observation of the studies mentioned above, it is noteworthy that the status of in-cylinder air-fuel mixture is primarily affected by NG substitution rate, pilot diesel injection mass, EGR rate and the amount of air supply determines the combustion process when the timings of fuel injection are fixed. As to the natural gas port injection dual-fuel engines, most studies rely on the unthrottled operation strategy to achieve the benefits of lower pumping loss and high volumetric efficiency. Factually, lowering the amount of excess air with throttle control effectively enables one to increase in-cylinder average mixture temperature and improve flame propagation [3] , which provides an effective approach to improve the excess air ratio and engine performance. Moreover, to better control the excess air ratio a few studies on NG dual-fuel diesel engines have been reported to obtain proper air-fuel ratio regulation with control of the throttle opening [8, 10, [14] [15] [16] [17] [18] . Unfortunately, little research has been done to extensively explore the effects of adjusting the excess air ratio on the dual-fuel combustion under light load. In particular, the loss of volumetric efficiency resulting from throttled control will lower the in-cylinder temperature and compression pressure at the same time [19] . Therefore, it's necessary to explore how to achieve a balance between the requirements of better air-fuel ratio and volumetric efficiency for the NG dual-fuel diesel engine under medium and low loads. Moreover, finding a NG substitution rate as high as possible with throttled control needs more attention through an extensive investigation.
In this study, to pursue possible high NG substitution rates at medium and low loads, the authors propose an approach of adding a throttle body at the intake pipe to control the excess air ratio of the air-fuel mixture to achieve a better balance between the power, emissions and fuel efficiency. In consequence, experimental investigations on various operations with throttled control are implemented. The NG diesel dual-fuel engine applied in this study is retrofitted from a non-road two-cylinder diesel engine running with an electronic unit pump injection system. The excess air ratio is adjusted through throttle opening, pilot diesel injection and NG injection with constant speed. Based on bench tests, the combustion performance and emissions are compared under various operating modes, including conventional diesel mode (or pure diesel), and dual-fuel mode with different substitution rates under medium and low load. The ultimate aim of this study is to provide guidance for optimizing the fuel supply strategy for dual-fuel engines at medium and low loads.
Experimental Setup and Procedure

Experimental Apparatuses
The NG diesel dual-fuel engine used in this experiment is retrofitted from a non-road two-cylinder naturally aspirated SL2110DKT-3 diesel engine and its specifications are shown in Table 1 . The framework of our dual-fuel engine test bench system is displayed in Figure 1 . It is noteworthy that a throttle body is installed additionally at the intake pipe to control the air flow. Ahead of the throttle body, a model Toceil-OMFGO25 air flowmeter (Shanghai ToCeil Engine Testing Equipment, Shanghai, China) is mounted to obtain the dynamic air flow. The NG supply system consisted of a LNG tank, vaporizer, filter, solenoid on-off switch, regulator, gas flow meter, buffer tank, rail and injectors in sequence. The presence of a buffer tank between rail and flow meter enabled us to effectively stabilize the working pressure of the rail and the outlet pressure of the flow meter, thereby improving the NG injection accuracy. For each cylinder, the NG is injected into the inlet manifold by an independent injection valve, which is mounted on the rail. Two hoses are used to connect the injectors and inlet ports on manifold independently. In this way, the dynamic flow of NG is detected by a M250S flow meter (Alicat Scientific Inc., Tucson, AZ, USA) with a maximum working frequency of 100 Hz, reflecting the real NG injection. Besides, to detect the real-time in-cylinder pressure, a high-temperature pressure sensor (6052C, Kistler, Winterthur, Switzerland) is installed in the first cylinder, and the diesel consumption is measured by a CMFD010 diesel mass flow-meter (Shanghai ToCeil Engine Testing Equipment). No changes are made to the diesel delivery system. Additionally, the variables of engine torque and rotation speed are measured with a DW63 engine dynamometer (Chengbang Science & Technology, Chengdu, China), and temperatures of both coolant and lubricating oil are controlled automatically by an ET2900-1cooling system (Chengbang Science & Technology). The level of exhaust emissions of CO, CO 2 , HC, NOx and soot are measured by an Infralyt ELD V347 exhaust gas analyzer (SAXON Junkalor GmbH, Dessau-Roßlau, Germany), and an FTY-100 Opacimeter smoke meter (Foshan Analytical Instrument, Foshan, China), respectively. Under the help of ECKA V2 engine calibration software (Changzhou Automotive Electronic System, Changzhou, China), the engine can be operated in dual-fuel mode or pure diesel mode smoothly with the control of pilot diesel injection timing, NG injection timing, pilot diesel quantity, NG injection quantity, and the throttle opening. The specifications and precision of instruments involved in this study are listed in Table 2 .
In order to ensure the accuracy and reliability of measurement, the measuring range and accuracy of concerned instruments are carefully selected and calibrated before bench tests. Specifically, the exhaust gas analyzer is calibrated with the respective standard gases of C 3 H 8 , NO, CO and CO 2 and the smoke meter is calibrated by test glass slides of different opacity values (10%, 30%, 50%, etc.). Additionally, the specification of torque can be calibrated manually in the requested range based on lever balance theory. The throttle connecting to the control system of dynamometer can be calibrated in the opening range of 0-100%. The diesel flow-meter, air flow-meter, natural gas flow-meter and pressure sensor instruments are calibrated periodically by the manufacturer. 
Experimental Procedure
The main goal scope of this study was to investigate the effects of different NG substitution rates on engine performance and emissions with control of the fixed excess air ratio at medium and low load under the condition of constant energy input at the same load and a constant speed of 1600 rpm. The excess air ratio is controlled through the method detailed in Section 2.3. The total energy input is determined by diesel consumption of the corresponding operation in pure diesel mode. The conventional diesel operation experiments are conducted after engine warm-up to arrive at a steady state when the coolant temperature reaches 50 °C and revolution speed varies within 2 rpm and torque output varies within 0.1 N·m. All tests are carried out under a constant coolant temperature of around 85 °C and a lubricating oil temperature of around 75 °C. Besides the conventional diesel operations, experiments of dual-fuel working conditions with NG substitution rates of 20%, 40%, 60% and 80% are implemented under constant speed (1600 rpm) at low load (27.1 N·m) and medium load (50.6 N·m). The speed of 1600 rpm as intermediate speed is chosen according to the regulation of GB20891-2014 [20] , and the rated torque at speed of 1600 rpm is 120 N·m. Therefore, the load of 27.1 N·m and 50.6 N·m represents well the working conditions of low load (22.5%) and medium load (42.2%). To evaluate the suggested approach, the characteristics of power output, indicated thermal efficiency (ITE), brake specific energy consumption (BSEC), exhaust of soot and gaseous emissions are introduced in this study. During all the experiments with 1600 rpm engine speed, timing of the diesel injection and NG injection is fixed at 16 °CA BTDC and 300 °CA BTDC respectively. 
The main goal scope of this study was to investigate the effects of different NG substitution rates on engine performance and emissions with control of the fixed excess air ratio at medium and low load under the condition of constant energy input at the same load and a constant speed of 1600 rpm. The excess air ratio is controlled through the method detailed in Section 2.3. The total energy input is determined by diesel consumption of the corresponding operation in pure diesel mode. The conventional diesel operation experiments are conducted after engine warm-up to arrive at a steady state when the coolant temperature reaches 50 • C and revolution speed varies within 2 rpm and torque output varies within 0.1 N·m. All tests are carried out under a constant coolant temperature of around 85 • C and a lubricating oil temperature of around 75 • C. Besides the conventional diesel operations, experiments of dual-fuel working conditions with NG substitution rates of 20%, 40%, 60% and 80% are implemented under constant speed (1600 rpm) at low load (27.1 N·m) and medium load (50.6 N·m). The speed of 1600 rpm as intermediate speed is chosen according to the regulation of GB20891-2014 [20] , and the rated torque at speed of 1600 rpm is 120 N·m. Therefore, the load of 27.1 N·m and 50.6 N·m represents well the working conditions of low load (22.5%) and medium load (42.2%). To evaluate the suggested approach, the characteristics of power output, indicated thermal efficiency (ITE), brake specific energy consumption (BSEC), exhaust of soot and gaseous emissions are introduced in this study. During all the experiments with 1600 rpm engine speed, timing of the diesel injection and NG injection is fixed at 16 • CA BTDC and 300 • CA BTDC respectively.
Method of Excess Air Ratio Control
Substitution rate
The NG substitution rate herein is defined as a reduction of diesel fuel injection replaced by amount of NG with the same heat value, a mass ratio of the decrease of diesel fuel injection in dual-fuel operation mode divided by the diesel consumption in conventional diesel mode under the same working conditions [21, 22] :
where R is the NG substitution rate, m d1 is the amount of diesel supply in the conventional diesel mode (mg) measured by the diesel flow-meter; m d2 is the pilot diesel injection mass in the dual-fuel mode (mg), which is controlled by the ECKA engine calibration system and measured by the diesel flow-meter. Therefore, the pilot diesel injection mass m d2 at the dual-fuel mode also can be calculated practically by use of Equation (1) as m d1 was measured and R was preset before the experiment. It must be noted that varying the NG substitution rate R means a different mass fraction of pilot diesel m d2 and NG at the same working point. NG substitution rate R plays a critical role on the excess air ratio control in the following explanation.
Fuel properties
The fuels mainly consist of C and H as shown in Table 3 , and the content of other elements is very low and can be ignored [23] . The amounts of C and H of diesel are 0.847 g C /kg and 0.126 g H /kg, respectively, and the molecular formula of diesel is CH 1.73 . When the fuel is completely burned with O 2 , the chemical reaction for generating CO 2 and H 2 O is as follows:
where x is the amount (mol) of the completely burned diesel (CH 1.73 ) and y is the molar amount of the completely burned NG (CH 4 ) showed in the following expression:
where M CH 1.73 is the mole mass of diesel (13.73 g/mol) and H d is the low heat value of diesel (42,500 kJ/kg), and H NG is the low heat value of NG (50,050 kJ/kg), and the NG mass is 16 g/mol, and the total amount (mol) of oxygen involved is 1.4325x + 2y. It must be noticed that the amount of NG combustion is computed by the same total heat value of replaced diesel according to Equation (4) . Therefore, considering definition of NG substitution rate in Equation (1), different substitution rates means different fuel fractions of NG and diesel with the same total energy input due to the same m d1 .
Since the mass ratio of nitrogen to oxygen in the air is 0.77:0.23, the theoretical amount of air required for complete combustion of diesel and natural gas is expressed in Equation (5):
where m air−t is the amount of air (g) and n O 2 is the oxygen mass (mol) and M O 2 is the molar mass of oxygen, equal to 32 g/mol.
3. Excess air ratio of dual-fuel combustion (φ a )
When the air-fuel mixture of diesel and NG is mixed with stoichiometric ratio, the amount of air demanded theoretically to completely burn the fuel is noted as m air−t = 14.3m d1 × (1 − R) + 17.4m NG , and the excess air ratio φ a can also be expressed as follows:
where m NG is the mass of the NG supply (mg), and φ a · m d1 · (14.49 + 0.2518R) is considered as the target amount of air supply, denoted as m air , which is determined actually by the engine speed and throttle opening. In the other hand, m air also can be calculated theoretically as a target amount of air supply if m d1 was measured and R was selected and φ a was determined. The deduction of Equation (6) validates the target NG supply as follows:
4. Minimal throttle opening, reference amount of air supply (m air ) and reference excess air ratio (φ a )
To reduce the negative influence of lower volumetric efficiency, the minimal throttle opening at the operation involved is achieved by the following procedure. Firstly, the engine is kept running in conventional diesel mode at a certain condition with fully opened throttle. Then, the throttle opening is adjusted gradually from fully open to closed status while the engine speed, torque output and diesel injection remains unchanged under the control of the dynamometer system. With the gradual decreasing of throttle opening, a drop of engine torque output emerges, as shown in Figure 2 . The throttle opening corresponding to the inflection point on the power curve is obtained as the minimal throttle opening related to the working conditions. For the operations of 1600 rpm, 27.1 N·m and 1600 rpm, 50.6 N·m, the respective minimal throttle openings are 29.2% and 41.4%, and the reduction of air supply is 177.91 mg/cylinder·cycle and 84.18 mg/cylinder·cycle compared to that in full throttle opening mode. Due to the fact there is almost no change of engine speed and torque output at this moment, the improvement of excess air ratio and reduction of volumetric efficiency is considered to reach a sound balance. The amount of air supply at this moment is measured as the reference amount of air supply m air . Consequently, each reference excess air ratio related to the corresponding operation with different NG substitution rate can be practically calculated according to Equation (8) The values of concerned parameters are listed in Table 4 . The above tasks should be carefully done before the dual-fuel combustion test.
Target excess air ratio (ϕa)
The target excess air ratio ϕa is defined as the average value of all a φ′ at the same speed and load condition, and it provides the base value to estimate and control the amount of target NG supply for dual-fuel operations (see Table 5 ). The NG supply is calculated by use of Equation (7). For each working point with a different NG substitution rate, since R, md2, md1, ϕa, and the amount of NG supply are ascertained, according to the definition of mair in Equation (6) it's convenient to govern the actual air supply only by adjusting the throttle opening to commit the target excess air ratio ϕa under the measurement of air flow-meter. It should be noticed that the throttle is adjusted in a slight wide opening to compensate the influence of increasing NG supply as the NG substitution rate arises compared to the conventional diesel operation during the dual-fuel experiment process. The values of concerned parameters are listed in Table 4 . The above tasks should be carefully done before the dual-fuel combustion test.
Target excess air ratio (φ a )
The target excess air ratio φ a is defined as the average value of all φ a at the same speed and load condition, and it provides the base value to estimate and control the amount of target NG supply for dual-fuel operations (see Table 5 ). The NG supply is calculated by use of Equation (7). For each working point with a different NG substitution rate, since R, m d2 , m d1 , φ a , and the amount of NG supply are ascertained, according to the definition of m air in Equation (6) it's convenient to govern the actual air supply only by adjusting the throttle opening to commit the target excess air ratio φ a under the measurement of air flow-meter. It should be noticed that the throttle is adjusted in a slight wide opening to compensate the influence of increasing NG supply as the NG substitution rate arises compared to the conventional diesel operation during the dual-fuel experiment process. 
Results and Discussion
Power Output
The comparison of brake power output at different substitution rates is shown in Figure 3 . At low load operations as φ a equals to 3.25, the power is increased by 0.17 kW (3.7%) at substitution rates of 20% and reduced by 0.26 kW (5.7%) at substitution rates of 40% compared to that of pure diesel operation. As shown in Figure 4 , the combustion phasing is retarded and the peak in-cylinder pressure decreases with the increase of substitution rate, especially at 80% substitution rate which was observed previously [24, 25] . It can be explained that too lean a mixture and a smaller pilot diesel injection slow down the burn rate and most of the NG-air mixture is burned in the post-combustion period during the expansion stroke as the instantaneous heat release rate (HRR) trace expresses the same phenomenon with increasing substitution rate [26] . At low load, the substitution rate can reach as high as 40% and the reduction of power output is controlled at 5.7% less than the target power requirement with throttled control. This seems to attain an acceptable improvement of the substitution rate since no more than 30% of NG mass percentage is suggested by previous studies without throttle control at low load [8] .
At medium load, the engine power output in dual-fuel mode is boosted overall with an average value of 0.94 kW (11.1%) compared to that of pure diesel operation. The ignition delay is prolonged with the increase of substitution rate are shown in Figure 5 as φ a equals to 2.26. At a substitution rate of 20%, the in-cylinder pressure curve is quite close to that of the pure diesel mode. However, in the slow combustion period, the in-cylinder pressure curve appears to be obviously serrated, which indicates that the in-cylinder pressure fluctuates greatly and the combustion in the cylinder seems to be coarse and explosive. The reasons for this are still unknown. Obviously, at medium load conditions, a high substitution rate can be achieved to meet the requirement of power output considering greater power of 0.13 kW (1.5%) compared to the pure diesel operation is declared at 80% substitution rate.
The indicated thermal efficiency (ITE) of the engine at each operating condition is described in Table 6 . ITE, as an indicator of energy conversion efficiency, is computed by the indicated power divided by total heat content of the injected fuel (NG and diesel), and the indicated power is calculated through the accumulated area covered in the P-V diagram derived from the in-cylinder pressure data with an interval resolution of 0.2 • crank angle (CA). ITE at the target operating point (1600 rpm, 27.1 N·m) and (1600 rpm, 50.6 N·m) in the pure diesel mode are computed as 28.47% and 28.13%, respectively, with full opening of the throttle (without control of air supply). Under dual-fuel working conditions, ITE is promoted with the increase of substitution rate. Previous work pointed out that delayed ignition helps to form more fuel-air mixture before the start of combustion, which favors the formation of the ignition kernel [7] . Herein, as the HRR profiles show in Figures 4 and 5 , the ignition delay is delayed and combustion phasing is retarded because of the smaller pilot diesel injection with the increase of substitution rate. In view of the fact most of the NG-air mixture is burned during the expansion stroke, fuel utilization may be deteriorated. However, at the operation of 80% substitution rate and low load, although the ITE increased by 8.16%, its brake power output is decreased by 75.88% compared to those of pure diesel combustion without throttled control in Figure 3 . The reasons can be explained by the fact that because the heat release in the post-combustion period is far away from the TDC, the energy can't be converted usefully. Furthermore, as the piston moves downward the increase of chamber surface leads to more heat loss, deteriorating the fuel economy [23] . 
Characteristics of BSEC
The indicator of brake specific energy consumption (BSEC) is calculated as the reciprocal of the fuel conversion efficiency in units of kJ/kWh, indicating the fuel efficiency performance. The varying BSEC for various operating conditions at low load are shown in Figure 6 . The error bars in the figures represent the standard deviation of BSEC calculated from the measurements. Although there is an improvement of the excess air ratio considering reduction of air supply, the excess air ratio still remains at a relatively lean level of 3.25 at low load. When the substitution rate is below 60%, the BSEC increases with the increase of substitution rate in a slight range in accordance with findings in [27] . The difference of BSEC increase reaches 35.1% between dual-fuel 60% substitution rate and diesel-throttle opening 100% working point. A similar trend was also explored in [28] with a brake specific fuel consumption (BSFC) increase of about 36% at 26.2% of full load and 1600 rpm. Higher BSEC implies an efficiency reduction in the dual-fuel mode due to the lower flame velocity resulting from the lean mixture considering a constant energy input. At 40% substitution rate, the BSEC (19,187.6 kJ/kWh) is increased 8.81% higher than that in the pure diesel mode (17,633.3 kJ/kWh) due to the delayed combustion, and the trend turns to be more violent as the substitution rate is increasing at low load. Furthermore, when the substitution rate reaches 80%, the BSEC is deteriorated by 3.11 times more than that of pure diesel combustion. Maintaining the substitution rate below 40%, BSEC increasing is curbed effectively at low load.
The BSEC associated with medium load operations is exhibited in Figure 7 . For the dual-fuel combustion of a substitution rate of 60% or below, thanks to the improvement of the excess air ratio φ a = 2.26, which is more suitable for combustion, a better BSEC is achieved compared to that of pure diesel combustion at the same working point. At 40% substitution rate, the BSEC seems to get the lowest value of 15.49% lower than that in pure diesel mode with full throttle opening. Even at 80% substitution rate, the BSEC is only 49.38 kJ/kWh (0.33%) higher than that of the pure diesel mode with full throttle opening. The experimental results might reveal that the way of the excess air coefficient control effectively improves the BSEC at medium load. 
The BSEC associated with medium load operations is exhibited in Figure 7 . For the dual-fuel combustion of a substitution rate of 60% or below, thanks to the improvement of the excess air ratio ϕa = 2.26, which is more suitable for combustion, a better BSEC is achieved compared to that of pure diesel combustion at the same working point. At 40% substitution rate, the BSEC seems to get the lowest value of 15.49% lower than that in pure diesel mode with full throttle opening. Even at 80% substitution rate, the BSEC is only 49.38 kJ/kWh (0.33%) higher than that of the pure diesel mode with full throttle opening. The experimental results might reveal that the way of the excess air coefficient control effectively improves the BSEC at medium load. 
Emissions Characteristics
It is to be noticed that the exhaust pollutants are converted into brake-specific emission values according to GB20891-2014 [20] for the test engine without any post-treatment devices. Figures 8 and 9 display the gaseous emissions at different substitution rates under low and medium load, respectively, and the same variation tendency is also found in [28, 29] . The exhaust emissions of CO and HC are significantly improved with load increase at low load, which is consistent with the result in [30] . At lower excess air ratio of 2.26 combined with more pilot diesel injection promotes a faster combustion rate, therefore the emissions of CO and HC have a dramatic drop at medium load [3] . At the same time, higher levels of CO and HC emissions are observed with the increase of substitution rate under throttled operations because the mixture still remains at a lean level in agreement with the findings in [28] , which reported that under conditions of 26.2% load, 1600 rpm, 64.4% substitution rate and an gas-air ratio of 0.51 (an excess air ratio of 1.96) the concentration of HC reached about 9000 ppm. Possible reasons, including low chemical reactivity and consequently partial oxidation owing to the very lean mixture, too low an in-cylinder charge temperature to oxidize the premixed NG, slower combustion rate resulting from a small amount of pilot diesel and mixtures in piston crevices have been well summarized in previous studies [29, 31, 32] . Considering NOx formation relies on two necessary conditions, including rich air and high local temperature, the NOx emissions are determined strongly by the local zone temperature due to the lean mixture discussed herein. The NOx emissions decrease with increasing substitution rate. This is the result of more pilot diesel tending to increase the size of high-temperature zones [5] . At 80% substitution rate at low load, longer ignition delay periods resulting from more lean mixtures might produce more zones with high temperature in the cylinder compared to medium load, thereby increasing the emissions of NOx and CO 2 . The reduction of CO 2 with the increase of substitution rate is due to the low carbon content in natural gas under the condition of constant energy input [33] . In terms of the characteristic soot emissions, with the increase of substitution rate the soot increases to a small extent at low load (see Figure 10) . This is likely a result of the lower initial charge temperatures at low load, which also lead to relatively higher soot levels [13] .
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Conclusions
The excess air coefficient control method meets the power requirements at medium and low loads and improves the NG substitution rate by controlling the air supply. The substitution rate can reach as high as 40% under low load conditions and the substitution rate can reach 80% and the average power is increased by 0.943 kW (11.1%) under medium load conditions compared to pure diesel combustion.
Better fuel efficiency is evidenced by the experimental results, especially under medium load conditions. The BSEC decreases significantly, with 15.49% lower in dual-fuel mode than that in pure diesel mode when the substitution rate equals 40%, and the increase of BSEC is only 49.38 kJ (0.33%) compared to that in pure diesel mode at 80% substitution rate.
As to the emissions, the decrease of the emissions CO and HC benefits from a better excess air ratio with the reduction of air supply under medium load compared to low load, but the emissions still remain at a high level due to the lean mixture. Overall, emissions of CO2 and NOx decrease with increasing substitution rate as shown in earlier studies.
Through the proposed method of air supply control and pilot timing adjustment, a desirable higher substitution rate is achieved under medium and low load conditions in dual-fuel mode. This 
As to the emissions, the decrease of the emissions CO and HC benefits from a better excess air ratio with the reduction of air supply under medium load compared to low load, but the emissions still remain at a high level due to the lean mixture. Overall, emissions of CO 2 and NOx decrease with increasing substitution rate as shown in earlier studies.
Through the proposed method of air supply control and pilot timing adjustment, a desirable higher substitution rate is achieved under medium and low load conditions in dual-fuel mode. This will help shed light on providing a feasible approach for developing a fuel supply strategy under medium and low loads for dual-fuel engines. 
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